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ABSTRACT
The spatial distribution of star formation within galaxies strongly affects the resulting
feedback processes. Previous work has considered the case of a single, concentrated
nuclear starburst, and also that of distributed single supernovae (SNe). Here, we con-
sider ISM structuring by SNe originating in spatially distributed clusters having a
cluster membership spectrum given by the observed H ii region luminosity function.
We show that in this case, the volume of H i cleared per SN is considerably greater
than in either of the two cases considered hitherto.
We derive a simple relationship between the “porosity” of the ISM and the star
formation rate (SFR), and deduce a critical SFRcrit, at which the ISM porosity is
unity. This critical value describes the case in which the SN mechanical energy output
over a timescale te is comparable with the ISM “thermal” energy contained in random
motions; te is the duration of SN mechanical input per superbubble. This condition
also defines a critical gas consumption timescale texh, which for a Salpeter IMF and
random velocities of ≃ 10 km s−1 is roughly 1010 years.
We draw a link between porosity and the escape of ionising radiation from galaxies,
arguing that high escape fractions are expected if SFR >
∼
SFRcrit. The Lyman Break
Galaxies, which are presumably subject to infall on a timescale < texh, meet this
criterion, as is consistent with the significant leakage of ionising photons inferred in
these systems. We suggest the utility of this simple parameterisation of escape fraction
in terms of SFR for semi-empirical models of galaxy formation and evolution and for
modeling mechanical and chemical feedback effects.
Key words: stars: formation — ISM: structure — galaxies: evolution — galaxies:
high-redshift — diffuse radiation — early universe
1 INTRODUCTION
Feedback from supernovae (SNe) is a major ingredient of
most contemporary models for galaxy formation and evolu-
tion. One of the main motives for its inclusion is the need
to reconcile the predictions of CDM cosmology with the ob-
served galaxy luminosity function (e.g. Cole et al 1994, 2000;
Efstathiou 2000): the overproduction of dwarf galaxies in
CDM models can be alleviated if star formation is ineffi-
cient in low mass systems, and the explosive energy input
from SNe provides an obvious mechanism for ejecting gas
from the shallow potentials of dwarf galaxies. SNe also re-
turn metals to the ISM, and if this process is coupled with
the strong outflows posited above, can also provide a mecha-
nism for enriching the IGM (e.g., Dekel & Silk 1986; Madau,
Ferrara and Rees 2001).
Another aspect of SN-driven feedback that has received
rather less attention is its possible relation to the escape
of ionising radiation from star forming galaxies. It is cur-
rently unclear whether stellar sources or quasars are mainly
responsible either for the re-ionisation of the Universe at
high redshift or for the present day ultraviolet background
(Madau, Haardt and Rees 1999), the answer depending crit-
ically on the assumed fraction of Lyman continuum photons
that are able to escape star forming galaxies (Giallongo et al
1997; Madau and Shull 1996; Bianchi et al 2001). The sim-
plest parameterisation of this problem involves assuming a
constant escape fraction for all galaxies, but there are obvi-
ous reasons for supposing that in reality the escape fraction
should depend on galactic parameters. In particular, the es-
cape fraction, which depends on the distribution of neutral
hydrogen along the line of sight, is likely to be strongly af-
fected by the the re-structuring of the ISM effected by SN
explosions. At a qualitative level, it would seem evident that
higher escape fractions should be expected in systems with
a higher star formation rate, since the disintegration of in-
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teracting SN-driven bubbles can in principle open up lines
of sight through which Lyman continuum photons can leak.
Some observational support for the notion is provided by the
recent detection of Lyman continuum emission in the com-
posite spectra of Lyman Break Galaxies (Steidel et al 2001),
which include systems undergoing vigorous star formation.
To date, however, calculations of escape fractions in
star forming galaxies do not exhibit a strong dependence
of escape fraction on star formation rate (SFR); in the case
of photoionisation calculations in a smoothly stratified ISM
(Dove and Shull 1994; Ricotti and Shull 2000; Wood and
Loeb 2000) the derived low escape fractions are not strongly
dependent on the SFR, provided this exceeds the threshold
value at which the resulting H ii regions cease to be ioni-
sation bounded. Recent calculations by Ciardi et al (2001),
demonstrate an even weaker dependence of escape fraction
on SFR in the case of an inhomogeneous, fractal ISM. In
all these calculations, however, the assumed ISM structure
is independent of star formation activity. The effects of me-
chanical feedback on the escape of ionising radiation have
so far only been considered in the case of a coeval burst of
star formation, where the source of ionising radiation and
SN energy originate in the same region (Tenorio-Tagle et
al 1999; Dove, Shull and Ferrara 1999): here the temporary
trapping of the ionisation front in the wall of the SN-driven
bubble and the steep temporal decline of the ionising radi-
ation from the burst combine to also produce a low escape
fraction.
In this paper, we consider the case where the photons
from each OB association impact on an ISM that has been
structured by SN-blown superbubbles, reflecting its star for-
mation history over the last 107 − 108 years. We thus draw
a link between the porosity of the ISM, i.e., the fraction of
the ISM that is devoid of H i due to the expansion of SN-
driven bubbles, and the resulting escape fraction of ionising
radiation. In order to quantify this link in more detail, one
requires both 3D hydrodynamic calculations, which model
the break up of bubble walls following the interaction of ad-
joining bubbles, and radiative transfer calculations, which
calculate the escape of ionising radiation from the resulting
distribution of HI (see Fujita et al 2002). Here, we attempt
neither of these exercises but instead, having posited that
the escape fraction should rise steeply as the porosity of the
ISM approaches unity, set up a model of the ISM which al-
lows the porosity to be readily calculated as a function of
SFR and galactic parameters.
In this work, we focus on the volume, Vsn of the ISM
that is cleared of neutral hydrogen per unit SN explosion.
This value depends strongly on the spatial distribution and
clustering properties of the SN progenitors. Since superbub-
bles expand to the point that they are in rough pressure
equilibrium with the ISM, it follows that an upper limit to
this quantity is Vmax, the volume of ISM originally contain-
ing a thermal energy equal to the SN energy (∼ 1051 ergs).
Note that in this work, we consider “thermal energy” to re-
fer to both macroscopic and microscopic random motions in
the ISM.
To date, most previous analyses have made either one of
two extreme assumptions regarding the distribution of SN
progenitors: either they are distributed singly throughout
the galaxy (Larson 1974; McKee and Ostriker 1977; Dekel
and Silk 1986; Efstathiou 2000) or else, as in more recent
studies (De Young & Heckman 1994; Suchkov et al 1994;
Mac Low and Ferrara 1999; Strickland & Stevens 2000) they
are concentrated in a single coeval, cospatial burst of star
formation. Each of these assumptions however predicts a
volume cleared per SN that is much less than Vmax, though
for different reasons in the two cases. In the case of single
SNe, the limiting factor is the cooling of the shocked ISM
(Cox 1972; Chevalier 1974; Goodwin et al 2002), following
which the bubble expands as a pressure driven snow plough.
Due to these radiative losses, the final bubble encloses a
volume of ISM that is a few per cent of Vmax (Cioffi et al
1988). In the case of clustered SN progenitors, the effect
of multiple SNe may be modeled as a continuous input of
mechanical energy, analogous to a stellar wind (McCray &
Kafatos 1987; Mac Low & McCray 1988), and in this case
it is found that cooling is of marginal importance. However,
in the case of a luminous starburst in a disc galaxy, the
superbubble blows out when its size is between one and two
disc scale heights. The bubble interior is consequently de-
pressured by the loss of hot gas normal to the disc plane,
and again the resulting cavity in the ISM implies a volume
cleared per SN that is much less than Vmax.
In this paper we examine the case in which SNe are dis-
tributed according to the observed distribution of OB stars
in galaxies. Specifically, we consider spatially distributed OB
associations and superclusters whose membership numbers
are inferred from the observed luminosity function of H ii
regions and OB associations (Oey and Clarke 1998; McKee
and Williams 1997). The OB association membership func-
tion is such that the number of associations having num-
bers of stars between N∗ and N∗ + dN∗ is ∝ N
−2
∗ . This
distribution is similar in functional form to the observed
mass distribution of clumps within molecular clouds and the
membership number function for all types of stellar clusters
(Blitz 1991; Elmegreen and Clemens 1985; Harris and Pu-
dritz 1994; Elmegreen & Efremov 1997; Meurer et al. 1995).
In a previous paper (Oey and Clarke 1997), we quantified
the distribution of H i hole sizes predicted by such a model
and found it to be in excellent agreement with the observed
distribution of H i holes in the Magellanic Clouds (Oey &
Clarke 1997; Kim et al. 1999). This empirical success en-
courages us to assume that this scale-free distribution of OB
association richness is a universal characteristic of the ISM
on all scales and in all environments. With such a prescrip-
tion we can compute the fraction of the ISM that is cleared
of H i for a given SFR (Oey et al. 2001), and also follow the
evolution of this quantity during an episode of star forma-
tion. As we show in Section 2.1, this model implies that the
volume of ISM swept up per SN is considerably larger than
in either of the two limits that have been considered to date,
and may be a significant fraction of Vmax.
Our analysis expands on the premise introduced by Oey
et al. (2001), of a critical SFRcrit, such that lower rates pro-
duce a volume filling factor of holes that is considerably less
than unity. Under these circumstances, we surmise that the
escape fraction of ionising radiation will be low, as found
in photoionisation calculations based on a smoothly strati-
fied ISM. If the star formation rate exceeds this value, the
ISM becomes filled with hot bubbles and we speculate that
the escape fraction from the ISM may rise considerably at
this point, as the widespread merging of bubbles leads to the
break up of shell walls through a variety of instabilities. Disc
c© RAS, MNRAS 000, 1–11
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systems may be able to continue to produce stars at such
a rate, but in spheroidal systems, such as molecular clouds
or proto-globular clusters, this seems unlikely, as the energy
input into the gas from SNe at this point is comparable with
the self-gravitational binding energy of the system. We in-
vestigate, in a crude analysis, how the finite time required to
clear the star forming region of H i affects the number of ion-
ising photons that can escape from the system, taking into
account the rapid temporal decline of the ionising luminos-
ity produced by a stellar population. Our approach is thus
especially useful in providing estimates of escape fractions
and star formation efficiencies for regions that may be below
the resolution limit for numerical simulations of galaxies.
The structure of the paper is as follows. In Section 2 we
set out the model for the growth of superbubbles and derive
an expression for the porosity of the galaxy as a function
of time, SFR, and ISM parameters, including an analysis
of how the results are modified in disc systems, and estab-
lish the existence for a critical star formation threshold. In
Section 3 we assess the consequences of the model for the
star formation efficiency and escape of ionising photons from
galaxies. In Section 4 we apply the results of the foregoing
sections to a variety of star forming regions, including Ly-
man break galaxies, starbursts and giant molecular clouds.
Section 5 summarises our conclusions.
2 POROSITY RELATED TO STAR
FORMATION: AN ANALYTICAL
APPROACH
Oey & Clarke (1997; hereafter OC97) estimate galactic
porosity as the volume of superbubbles generated by OB as-
sociations relative to the simple geometric volume of the host
galaxy. Here, we examine the porosity in more detail and re-
late it specifically to the ISM thermal energy and mass.
2.1 The volume of hot gas generated by star
formation: steady state
We take the mechanical luminosity function (MLF) for the
SN energies of the OB associations to be,
φ(L) = AL−2 , (1)
where φ(L) is the fraction of clusters with mechanical lumi-
nosity in the range L to L+ dL. The power-law slope of –2
is empirically well-determined from the H ii region luminos-
ity function and stellar cluster mass function, as described
above. Such a distribution implies that equal decades in
cluster luminosity contribute equally to the total integrated
mechanical luminosity, or, equivalently, SFR, of the galaxy.
Thus the total SFR is dominated neither by very populous
nor very sparse clusters. We furthermore assume that this
luminosity function extends over a range of luminosities cor-
responding to a supernova membership number in the range
Nmin (≥ 1) to Nmax.
Following OC97, the lifetime of all superbubbles is as-
sumed to be roughly equal to the main-sequence lifetime of
the lowest mass SN progenitor, te ∼ 40 Myr for Population
I stars. Therefore, if constant star-forming conditions are
sustained for periods in excess of te, the differential super-
bubble size distribution attains a steady state, as derived by
OC97:
N(R) = AψL−1e R
−1
e
(
R
Re
)−3 [
2(te+ts)−
3
4
te
(
R
Re
)]
, R ≤ Re(2)
and
N(R) = 5Aψ L−1e R
−1
e
(
R
Re
)−6 [ te
4
+ ts
]
, R > Re (3)
where ψ is the creation rate of the superbubbles, Le is the
luminosity of a bubble that comes into pressure equilibrium
with the ambient medium after time te and Re is the corre-
sponding radius of such a bubble at that time. It is assumed
that the growth of bubbles with L < Le stall by pressure
confinement at the point that they come into pressure bal-
ance with the ambient medium. After te, the SN energy
stops, and the object is presumed to survive at constant
radius for another increment of time ts.
For this steady-state size distribution and constant
MLF, the total volume of superbubbles depends only on
ψ, or equivalently SFR, and the interstellar conditions that
determine Re. The total volume of the superbubbles in a
steady state is
Vtot,ss =
∫ Rmax
Rmin
4
3
πR3 N(R) dR , (4)
where Rmin is the stall radius of a bubble containing Nmin
supernovae and Rmax is the size of a bubble containing Nmax
supernovae at time te. Thus integrating equations 2 and 3
gives a total volume,
Vtot,ss ≃ 3πAψL
−1
e R
3
e (te + 2ts) . (5)
Equation 1 is a probability distribution, so its integral is
unity, and therefore A ≃ Lmin, yielding,
Vtot,ss ≃ 3πNtot
(
Lmin
Le
)
R3e , (6)
where Ntot is the total number of superbubbles in the steady
state.
The total number of supernovae contained in this pop-
ulation of bubbles is (from equation 1)
Nsn ≃ NtotNminln
(
Nmax
Nmin
)
, (7)
so that the mean volume of ISM cleared per supernova, Vsn
is
Vsn ≃
3π
ln
(
Nmax
Nmin
) R3e
Ne
, (8)
where we have used the fact that L ∝ N , and we defineNe as
the number of SNe corresponding to mechanical luminosity
Le. We will use these expressions for SN-cleared volume in
deriving the interstellar porosity below.
Equation 8 shows that Re dominates Vsn. Note that
since Re is the radius at which a bubble containing Ne su-
pernovae comes into pressure balance with the ISM, one can
roughly equate the thermal energy of the ISM contained
within Re with the total energy input from Ne supernovae:
NeEsn ≃
4π
3
R3eu , (9)
c© RAS, MNRAS 000, 1–11
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where Esn ∼ 10
51 erg is the SN energy and u is the thermal
energy density in the ISM1 . We thus deduce that Vsn is
within a factor of order unity of Vmax:
Vmax ∼
Esn
u
. (10)
which, as discussed in §1, is the mean volume per supernova
for the adiabatic evolution of individual SNe.
The finding that Vsn ≃ Vmax contrasts with the two sce-
narios considered by previous authors, namely, either dis-
tributed individual SNe, or else all SNe concentrated in a
single bubble. The difference may readily be traced to the
fact that when one considers a realistic spectrum of cluster
richness (i.e. a MLF) there is an important volumetric con-
tribution from bubbles with L ≃ Le. Such bubbles, which
stall after a time te, remain in the adiabatic expansion phase
over their entire SN-producing lifetime and thus represent
optimal coupling between the supernova energy and clearing
of the ISM. Note also that Vsn is insensitive to any upper
cut-off in the richness of OB associations, provided that the
MLF extends well beyond Le, since the volumetric contri-
bution of bubbles with L≫ Le is small (equation 3).
2.2 Non-steady star formation
The above analysis may readily be modified to model an
episode of star formation that proceeds at constant rate over
a timescale t < te. Such a situation is only relevant to star
forming systems that can switch on their star formation on
timescales ≪ te and thus applies to compact systems with
short dynamical timescales, such as molecular clouds and
globular clusters, as discussed in §4.1.
At time t(< te), the transition from the size distribu-
tion given by equation 2 to that of equation 3 occurs at
radius Rt instead of Re, where Rt is the radius of a bubble
that just stalls at time t. Consequently, the total volume of
superbubbles after time t is given by:
Vtot,ns(t) = 3πNtot(t)R
2
minRt . (11)
Ntot(t), the total number of superbubbles produced in time
t, is proportional to t, whereas one may readily show (OC97)
that Rt ∝ t. Consequently, the volume of hot gas created
varies quadratically with time, so that one may write
Vtot,ns(t) = Vtot,ss
(
t
te
)2
. (12)
2.3 Effect of cooling and finite scale of ISM
The above analysis is appropriate to an infinite ISM where
the bubble evolution remains adiabatic until it comes into
pressure equilibrium with the ISM.
We verify the approximate validity of the adiabatic as-
sumption by comparison of the bubble stall radius with the
cooling radius given by Mac Low and McCray (1988). The
former may be written (e.g. see OC97) in the form:
Rf = 300 pc L
1/2
38 P
−3/4
MW n
1/4
MW , (13)
1 Note that throughout this paper we use the term ‘thermal’ en-
ergy to denote energy in random motions in the ISM, whether this
is dominated by bulk cloud motions or by motions at a molecular
(thermal) level.
where L38 is the luminosity normalised to 10
38 erg s−1
(equivalent to an OB association with ∼ 100 SN progeni-
tors), PMW and nMW are respectively the pressure and num-
ber density of the ISM normalised to their values in the
Milky Way (3×10−12 dyne cm−2 and 0.5 cm−3). The corre-
sponding expression for the cooling radius of freely expand-
ing bubbles, using a cooling function appropriate to solar
metallicity gas, is (Mac Low and McCray 1988):
Rc ≃ 540 pc L
4/11
38 n
−7/11
MW . (14)
These expressions imply that even in the case of solar
metallicity gas, cooling is of marginal importance before the
point is reached where the counter-pressure of the ISM is
significant in slowing the expansion; for lower metallicity
systems, cooling would be of still less importance. This hence
justifies our treatment of the evolution prior to stalling as
approximately adiabatic.
We now consider how the above analysis is modified
when one takes into account the finite extent of the ISM. In
general, bubbles evolve as described above, provided their
sizes remain less than the density scale length of the ISM.
Once they grow to larger radii, their evolution is modified
by the ambient density gradient: in particular, a decreas-
ing gradient causes the bubble expansion to accelerate due
to the decreasing inertia of the newly swept up material.
In disc-like density distributions, for example, a number of
authors have performed hydrodynamical simulations of bub-
bles that demonstrate that bubbles ‘break out’ of the disc
when they grow to a height between one and two disc scale
heights (e.g., Mac Low and McCray 1988). At this point,
the contents of the hot bubble interior are vented normal
to the disc plane. Thereafter, the bubble evolution in the
disc plane is no longer adiabatically driven, but evolves in
a momentum-conserving fashion. We now calculate how the
volume of ISM occupied by bubbles is reduced if one takes
this into account.
It is convenient to divide the bubble population into low
luminosity objects having L < LH , which stall at sizes less
than the disk scale height H , and higher luminosity objects
that break out of the disc. ¿From integration of equation 2
it can be seen that the total volume of bubbles contained in
objects with radius less than R is roughly proportional to R,
and the total volume contained in bubbles that never break
out of the disc is a factor ≃ H/Re times the total volume of
bubbles that would be created in an infinite medium for a
given SFR.
We now estimate the total volume swept out by bub-
bles with L > LH . Such bubbles evolve adiabatically prior to
breakout and hence the kinetic energy of the bubbles walls
is proportional to the number of supernovae that have gone
off at that point. Since bubbles attain a fixed size scale on a
timescale tH that scales as L
−1/3 (OC97), the kinetic energy
of bubbles at breakout scales as L× tH ∝ L
2/3. All bubbles
with L > LH break out when the volume of ISM swept up
is ∼ H3, so that the mass of ISM swept up at breakout
is independent of L. Hence the momentum of bubbles at
breakout scales simply as the square root of the energy, i.e.
as L1/3. Thereafter, the bubbles evolve in an approximately
momentum-conserving fashion and then stall when their ex-
pansion velocities become of order the thermal speed in the
ISM. Thus, it follows that the final volume of the bubble is
proportional to the momentum at breakout, and hence also
c© RAS, MNRAS 000, 1–11
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scales as L1/3. We can obtain the normalisation by noting
that objects that just stall at size scale H are by definition
not going to undergo further momentum-conserving expan-
sion, because their velocity has already declined to thermal
values.
Thus we find that the final volume of a bubble of size
L > LH is given by H
3(L/LH)
1/3 (see also Koo & Mc-
Kee 1992), as compared with the final bubble volume in
an infinite medium which can be written as H3(L/LH )
3/2
(OC97). By integrating each of these expressions over the
MLF (equation 1), we find that bubbles that have broken out
contribute a total volume that is a factor ≃ H/Re times the
total volume filled in the case of an infinite medium. [Note
that this analysis does not account for any continued driving
by remaining SNe, which, following breakout from the disk,
could contribute power following a momentum-conserving
shell evolution (Steigman et al. 1975). It can be shown, us-
ing the corresponding relations from OC97, that in this case
the bubbles with L > LH then contribute a volume frac-
tion that exceeds the above estimate by only a logarithmic
factor (ln Rmax
H
). The effect of continued SN driving is thus
not expected to be large, and we therefore do not consider
it further for the purpose of the rough estimates considered
here.]
Thus adding together the total contributions from bub-
bles that do and do not break out, and taking Rmax ≃ Re,
we find that the volume of bubbles produced is reduced by
a factor
fd ∼ 2H/Re (15)
In forthcoming sections, we shall apply this correction factor
where necessary in order to reduce the volume of bubbles
produced per unit SFR in disc galaxies.
2.4 Calculation of galactic porosity
In order to compute the porosity of the ISM, it is necessary
to divide the volume of hot gas produced by star formation
by the effective volume of the star forming system, V . Thus
from equations 6 and 9, the steady state porosity can be
written
Qss ≃
fdVtot,ss
V
≃
9
4
fdNtotNminEsn
uV
, (16)
where fd is the factor (equation 15) that takes rough account
of the reduction in galactic porosity in the case of disc sys-
tems. If the mean mass of stars produced per bubble is m∗,
then Ntot is related to the star formation rate by:
Ntot =
SFR te
m∗
, (17)
whilst the product uV is, by definition, the total thermal
energy contained in the ISM of the system, EISM:
uV = EISM =
1
2
MISM v˜
2 , (18)
where MISM is the total mass in the ISM and v˜ is the ‘ther-
mal’ velocity dispersion. Thus 16 becomes
Qss ≃
9
2
fdNminSFR teEsn
m∗MISM v˜2
. (19)
For a Salpeter IMF and Nmin = 1, the mean mass of
stars per bubble can be written m∗ = 150 ln(Nmax)M⊙ and
is thus weakly (logarithmically) sensitive to any upper cutoff
in the MLF. Here we adopt Nmax ∼ 7000, which corresponds
to the largest OB associations in the Milky Way (McKee and
Williams 1997), and which is, incidentally about twice Ne
for Milky Way ISM parameters (OC97). In this case the
mean number of supernovae per bubble is ≃ 9 and m∗ ≃
1350 M⊙. (We note that if Nmax was an order of magnitude
greater than this, m∗ would only increase by 25%). Taking
Esn ≃ 10
51 ergs, we obtain:
Qss ≃
7fd SFR⊙
MISM,10 v˜210
, (20)
where SFR⊙ is the star formation rate in solar masses per
year,MISM,10 is the mass of the ISM in units of 10
10M⊙ and
v˜10 is the thermal velocity of the ISM normalised to 10 km
s−1. In a system where star formation has been ongoing for
a time t < te, the porosity is given by (equation 12):
Q(t) = Qss
(
t
te
)2
, (21)
Equation 20 implies that there is a critical star forma-
tion rate, SFRcrit such that the porosity of the ISM is unity,
i.e.
SFRcrit = 0.15
(
MISM,10 v˜
2
10
fd
)
M⊙yr
−1 , (22)
We stress that SFRcrit is the SFR such that the energy
output from SNe, over a timescale te, is comparable with
the energy of the ISM contained in random motions. The
normalisation of equation 22 thus depends only on the as-
sumed IMF and the stellar astrophysics contained in the
value of te and the energy delivered per SN. (We note, how-
ever, that in reality equation 22 should be regarded as a
very rough guide, since its derivation suffers from the obvi-
ous over-simplification that results from approximating the
ISM of a galaxy as a smooth homogeneous entity charac-
terised by a single set of physical parameters. In practice, we
will find equation 22 useful below in dividing highly porous
regimes from the marginal case and from situations where
the porosity is very low).
If SFR < SFRcrit, then such a SFR can be sustained
indefinitely, provided the gas supply is large; star formation
can proceed at such a rate over timescales ≫ te, with the
porosity attaining a steady state value of Qe < 1.
If SFR > SFRcrit, then the system attains unit porosity
after a time tQ:
tQ = te
(
SFRcrit
SFR
)1/2
. (23)
We discuss below the consequences of achieving unit poros-
ity, but first note that the maximum rate of star formation
achievable in a star forming system is
SFRdyn ∼
MISM
tdyn
, (24)
where tdyn is the dynamical timescale of the star forming
region.
3 CONSEQUENCES FOR STAR FORMATION
EFFICIENCY AND ESCAPE OF IONISING
RADIATION
c© RAS, MNRAS 000, 1–11
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3.1 Star formation efficiency
We have shown that the porosity of a star forming system
becomes of order unity at the point that the input of me-
chanical energy into the ISM (over time te, or the duration
of the burst, whichever is the shorter) is comparable with
the thermal energy content of the ISM, where we take ‘ther-
mal’ to denote random ISM motions. The critical SFR that
must be sustained over a timescale te in order to attain unit
porosity is given by SFRcrit (equation 22).
For a bound spheroidal system, the thermal energy con-
tent of the ISM is always of order its gravitational binding
energy, whether the gravitational potential derives from the
gas itself or is a background potential of dark matter and/or
stars. Consequently, when the porosity attains a value ∼ 1,
the energy input into the ISM is comparable with its grav-
itational binding energy. As a result, one would not expect
spheroidal systems to be able to sustain star formation rates
much in excess of SFRcrit over timescales > te.
In the case of compact systems with dynamical
timescale < te, it is however possible for the SFR to ex-
ceed this limit temporarily. If, in this case, we consider the
star formation event to be self-terminated after time tQ
(equation 23), when the volume filling factor of superbubbles
reaches unity, we can use equations (19) and (23) to derive
the fraction of gas converted into stars during the event as:
ǫ =
2m∗v˜
2
9Esn
(
SFR
SFRcrit
)1/2
. (25)
so that
ǫ = 6× 10−4v˜210
(
SFR
SFRcrit
)1/2
. (26)
The maximum fraction of the ISM that can be turned into
stars increases with the square root of the SFR, and is thus
limited by the upper, dynamical, limit to the SFR implied
by equation 24, to the value:
ǫmax =
(
2m∗v˜
2
9Esn
)1/2(
tdyn
te
)−1/2
. (27)
from which
ǫmax = 0.02v˜10
(
tdyn
te
)−1/2
. (28)
In a disc system, by contrast, the thermal energy con-
tent of the ISM is ≪ its gravitational binding energy. Con-
sideration of hydrostatic equilibrium normal to the disc
plane demonstrates that the ratio of energy in random mo-
tions to gravitational binding energy is of order (H/R) if
the vertical gravity mainly derives from the disc’s local self-
gravity, or (H/R)2 if it instead derives from the vertical
component of the gravity of a central mass concentration.
Thus, star formation rates in excess of SFRcrit do not imply
the wholesale unbinding of the ISM and may not be ruled
out on these grounds.
Whether or not SFRcrit represents a maximum to the
star formation rate in discs systems, or else a point of tran-
sition to star formation in a highly porous state, depends
on conditions in the cool gas component once Q ∼ 1 (i.e.,
equivalently, whether feedback operates positively or nega-
tively on the cool gas). Several pieces of evidence suggest
that star formation may well continue in this state. We will
see below (Section 4.3) that some systems, notably Lyman
Break Galaxies, apparently sustain star formation rates well
in excess of SFRcrit over prolonged periods (10
8−109 years;
Shapley et al 2001). A more local example is provided by
the LMC. Although the porosity of this system is around
unity (Oey et al 2001), continuous vigorous star formation
has been ongoing in the LMC disk for at least 109 year,
and possibly up to 15 Gyr (e.g., Smecker-Hane et al.2002;
Dolphin 2000). Inspection of the LMC reveals how this situ-
ation is achieved: although the bulk of the system volume is
filled with hot gas, chiefly in the halo, the bulk of the mass
is in the cool component in the disc plane, where a high
star-formation rate is maintained. This system shows little
evidence for negative feedback effects on star formation, but
is well-known to provide examples where star formation ap-
pears to be actively triggered in the cool gas constituting
bubble walls (e.g., Yamaguchi et al.2001; Oey & Smedley
1996; Oey & Massey 1995; Walborn & Parker 1992). The
specific example of the supergiant shell LMC-4, which is the
largest and most studied case of LMC triggered star forma-
tion (e.g., Dopita et al. 1985; Braun et al. 1997; Olsen et
al. 2001) clearly shows a massive ring of H I and star for-
mation 1.4 kpc in diameter surrounding a large complex of
young blue stars. However, the morphology is clearly ring-
like, rather than shell-like, suggesting that mechanical feed-
back on these large scales does not remove the majority of
shell gas from the low galactic latitudes, and does promote
continued star formation. In what follows, therefore, we as-
sume that in disc systems star formation can in principle
continue in the cool component at rates in excess of SFRcrit.
We note that the characteristic gas exhaustion timescale
for a system in a marginally porous state is given by:
texh =
MISM
SFRcrit
= 7× 1010
fd
v˜210
years , (29)
where the value of texh depends on the same assumptions
about stellar astrophysics and IMF as detailed for SFRcrit
(equation 22).
3.2 Implications for the escape of ionising
radiation
We have here presented a model of the ISM structured by SN
explosions located in spatially distributed clusters, a model
that has been successfully tested in the case of nearby galax-
ies. Our discussion of ionising photon escape from such a
a medium is necessarily more speculative, pending detailed
hydrodynamic and photoionisation calculations. Here we ex-
plore the consequences of such a model by the following
crude parameterisation of ionising photon escape: we assume
that when the porosity of the ISM is < 1, no ionising pho-
tons can escape and that when the porosity is high (> 1) all
ionising photons can escape.
It is easy to see why these assumptions are wrong in de-
tail. For example, pure photoionisation codes of disc galax-
ies, i.e. calculations that assume a smoothly stratified ini-
tially neutral medium, suggest escape fractions of a few per
cent even in the absence of mechanical energy input from
SNe. Likewise, it is well established that populous clusters
can create local chimneys in the ISM, thereby launching
galactic superwinds and it is reasonable to expect some pho-
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ton leakage in this case (see, however, Tenorio-Tagle et al
1999; Dove, Shull and Ferrara 1999) even when the global
star formation rate is ≪ SFRcrit. It is also unlikely that
the escape fraction is as high as unity even when the ISM
is highly porous. Although most of the volume of the ISM
is cleared of neutral material in this case, most of its mass
is contained in neutral bubble walls. We here assume that
a variety of hydrodynamical instabilities break up the bub-
ble walls once the bubbles start to overlap strongly, thus
opening up lines of sight through which ionising photons
can escape the disc. In order to escape the galaxy, however,
such photons also have to propagate through low density
material in the halo without encountering significant opac-
ity from neutral hydrogen. Detailed hydrodynamic/radiative
transfer calculations are required, which model the input of
ionising photons and mechanical energy into the halo from
spatially dispersed, non-coeval star formation events in the
disc, in order to assess whether the halo can be maintained
in a state of sufficient transparency.
Despite the above caveats, we argue that this simple
prescription captures an important dependence of the escape
fraction of ionising radiation on SFR. Systems maintaining a
steady state star formation rate on timescales greater than te
can exist in two states: if SFR < SFRcrit the escape fraction
is low and star formation can in principle proceed at such
a rate until all the gas is exhausted. On the other hand,
disc systems which are re-supplied on a timescale less than
texh (equation 29) may sustain SFRs in excess of SFRcrit, in
which case the escape fraction would be high.
For star-forming systems in which the dynamical
timescale is less than te, the SFR can vary on a timescale less
than te, offering the possibility that the SFR may temporar-
ily exceed SFRcrit. During such a star formation episode, the
porosity of the system rises, attaining unity at time tQ. We
have argued that in spheroidal systems, star formation is
self-limited at this point. Ionising photons from the pop-
ulation created prior to this can then escape the immedi-
ate vicinity relatively easily; the above crude model posits
escape with unit probability. Given an IMF and relation-
ships between ionising luminosity, mass and lifetime, one
may readily calculate an upper limit to the number of ionis-
ing photons escaping the region. Specifically, if the number
of ionising photons emitted by the population prior to time
t is Nion(t), then this upper limit is given by:
fesc = 1−
Nion(tQ)
Nion(∞)
. (30)
Note that, whereas escape fractions are conventionally de-
fined in terms of rates, in the case of a finite episode, it
makes sense to define the escape fraction in terms of num-
bers of ionising photons.
Figure 1 illustrates the dependence of fesc, as defined
above, on the duration of a star formation burst (tb) under
the simple assumption that ionising photons escape only if
emitted at times > tb. The two lines denote stars of Popula-
tion I and III, with an assumed Salpeter IMF in both cases.
Note that star formation is assumed to continue at constant
rate until tb, unlike other recent studies of escape of ionising
radiation from ageing populations (Dove, Shull and Ferrara
1999; Tenorio Tagle et al 1999) where all the star formation
is concentrated in a burst at time t = 0. Stellar data for Pop-
ulation I stars is taken from Maeder 1990 and Dı´az-Miller et
Figure 1. Escape fraction (defined by equation 1 ) as a function
of the time, tb, at which the burst of star formation is terminated.
The solid and dashed curves are for Population III and Population
I stars, with a Salpeter IMF (extending up to 100M⊙) in both
cases.
al 1998, whilst for Population III stars, models have kindly
been supplied by Chris Tout in advance of publication. The
curve for Population II stars would be almost indistinguish-
able from that for Population I, since the main dependence
of ionising luminosity on metallicity occurs for stars of suffi-
ciently low mass that they make a rather small contribution
to the total ionising output of the cluster. The Population
III curve is rather different, however, since lower mass stars
are considerably hotter in this case and make a significantly
larger contribution to the total ionising output than for the
Population I case. Consequently, a higher fraction of the ion-
ising photons can escape at late times in the Population III
case. The effect, however, is not enormous: for bursts termi-
nated after ∼ 20 Myr the escape fraction (equation 1) for
Population III stars is ∼ 25% compared with a value that is
roughly a factor of two lower for Population I stars.
4 APPLICATION TO STAR FORMING
SYSTEMS
4.1 Compact systems
The basic building block of star formation at the present
epoch is the Giant Molecular Cloud, and we here apply our
simple model to assess the internal self-destruction of GMCs
through the action of SNe and stellar winds (see Franco and
Cox 1983 for an assessment of the effects of winds from low
mass stars on the dispersal of molecular clouds). For typical
parameters (MISM = 2 × 10
5M⊙, v˜10 ∼ 0.2) it follows from
equation 22 that SFRcrit is a tiny 10
−7M⊙ yr
−1, which is
many orders of magnitude less than the observed SFR in
GMCs. The dynamical timescale of GMCs is short (a few
c© RAS, MNRAS 000, 1–11
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Myr; i.e ∼ 0.1te) so that if the SFR is dynamically limited
(equation 24), the maximum fraction of the cloud that can
be turned into stars is ǫmax ∼ 0.02 (equation 28). This low
value is similar to the fraction that is generally inferred in
molecular clouds (Larson 1988; Hunter 1992).
Following Whitworth (1979; see also Franco et al 1984,
Yorke et al 1989), it is generally assumed that it is photoion-
isation that limits the efficiency of star formation in GMCs,
prior to the first SN explosions on a timescale of several
Myr; photoionisation is an effective agent of cloud disrup-
tion because of the relatively shallow potential of GMCs.
Our estimate here suggests that, in solar metallicity systems,
the effect of clearing by stellar winds is likely to be at least
competitive with photoionisation during the first few Myr
of cloud evolution. In practice, simulations are required that
include both effects since the trapping of ionisation fronts in
bubble walls means that photoionisation may be less effec-
tive than in the homogeneous media considered by previous
authors (see discussion in Dı´az-Miller et al 1999).
We may estimate the likely escape fraction from the im-
mediate vicinity of molecular clouds by combining the em-
pirical lifetime of molecular clouds (∼ 107 years; Leisawitz
1985; Fukui et al 1998) with Figure 1, from which we deduce
that only 10− 20% of the Lyman photons produced within
a GMC will be emitted after the dispersal of the cloud.
In low metallicity systems, however, the role of winds
is much less significant. Recent calculations of O star winds
by Vink et al (2001) indicate that the mechanical luminos-
ity delivered by winds in stars of given mass scales almost
linearly with metallicity. Consequently, although in Popula-
tion I systems, winds deliver a mechanical luminosity over
the first few Myr that is comparable with the subsequent
rate of energy input from supernovae (Shull and Saken 1995;
Leitherer and Heckman 1995), in low metallicity systems the
input power from winds is negligible compared with super-
novae. As a result, significant feedback effects are delayed
for around 2 Myr until the explosion of the first supernova.
This factor may explain the high inferred star formation
efficiency in proto-globular clusters (Murray and Lin 1989;
Geyer and Burkert 2001) and the compact nature of globular
clusters. More speculatively, we suggest that the population
of ‘faint fuzzies’ (diffuse red clusters recently discovered in
early type galaxies; Larsen and Brodie 2000; Larsen et al
2001) may owe their relatively distended nature and weak
gravitational binding to the stronger winds that operate in
clusters whose metallicity is at the high end of the globular
cluster metallicity distribution.
In Population III systems, winds are estimated to be
many orders of magnitude weaker than in Population I stars
(Bromm et al 2001b), so that one may effectively ignore
mechanical feedback from winds in these systems. In the
compact haloes that are expected to host Population III
stars, the dynamical timescale is sufficiently short to allow
efficient star formation prior to the explosion of the first
supernovae. Since Population III stars are likely to be very
massive (Bromm et al 1999, 2001a; Abel et al 2000), the fur-
ther evolution then depends on the details of the resultant
mass spectrum, since the energy output (and existence) of
supernovae in stars more massive than 100M⊙ is highly de-
pendent on stellar mass (Bond et al 1984, Fryer et al 2001).
4.2 Milky Way
For the ISM properties of the Milky Way (n ∼ 0.5 cm−3,
v˜10 ∼ 1), the radius of a bubble stalling after te is Re ∼ 1300
pc (OC97), so that given the disc scale height of H ∼ 100
pc, the correction factor for disc systems (fd; equation 15)
is around 15%. This means that the critical SFR required
to achieve unit porosity is boosted by about 7 relative to its
value in an infinite medium, due to the loss of accelerative
power in bubbles that break out of the disc. For an ISMmass
of ∼ 1010M⊙ in the Milky Way, the critical star formation
rate (equation 22) is roughly a solar mass per year, that is,
comparable with the observed rate in the Milky Way (Mc-
Kee and Williams 1997; McKee 1989). As discussed above,
we may use our model as a crude indication of escape frac-
tion: ‘low’ or ‘high’ for SFRs that are much less than or
much greater than the critical value. We would not however
trust it in the transitional case where the SFR is close to
critical. (See also the discussion in OC97 of the porosity of
the Milky Way).
4.3 Lyman Break Galaxies
The application of this model to Lyman Break Galaxies is
currently rather uncertain, given uncertainties about the gas
masses and morphologies of these objects. However, on the
assumption that these are disc systems (v˜10 ∼ 1) with gas
masses comparable with their virial masses (∼ 1010 M⊙; Pet-
tini et al 2001) one obtains values of SFRcrit ∼ 1 M⊙ yr
−1.
The SFRs inferred in Lyman Break Galaxies studied to date
are comfortably greater than this (∼ 10 − 100 M⊙ yr
−1;
Pettini et al 2001) leading to the expectation that ionising
radiation should escape rather easily from these systems.
The discovery of Lyman continuum emission in the com-
posite spectra of Lyman Break Galaxies (Steidel et al 2001)
is consistent with this conclusion. The positive correlation
between SFR and escape fraction that this model predicts
awaits the measurement of Lyman continuum emission in
individual Lyman break systems.
4.4 Starbursts at low z
The nuclei of nearby starburst galaxies provide the
best studied examples of vigorous star formation activ-
ity in the local Universe; the inferred SFRs (up to ∼
20 M⊙ yr
−1 kpc−2 for an assumed Salpeter IMF; Lehn-
ert and Heckman 1996; Meurer et al 1997) are greatly in
excess of SFRcrit, leading to the expectation that the poros-
ity of the ISM in these regions should be high. Note that
this conclusion does not depend on the IMF, but purely on
the relationship between the massive star content and ISM
properties. In the absence of replenishment, therefore, one
would expect a high fraction of the ionising photons to be
able to escape the nuclei of such galaxies.
The situation of starburst nuclei, located at the bottom
of the galactic potential well, however, means that such re-
gions are likely to be subject to continued replenishment
of gas from larger radius during the history of the star-
burst. The dynamical timescales in such regions are short
(∼ 107 years) and indeed less than or comparable with te.
Consequently, neutral material can flow into the region on
c© RAS, MNRAS 000, 1–11
Star formation threshold for radiative feedback 9
timescales less than te and the filling factor of regions de-
void of H i may not approach unity even at the high star
formation rates typical of starbursts. Currently the avail-
able observational evidence is that the escape fraction from
starburst nuclei is indeed low (Heckman et al 2001; Leitherer
et al 1995). We highlight here the contrast with the Lyman
Break Galaxies (see above), where the more extended star
formation regions do not permit re-supply on a timescale of
te.
5 CONCLUSIONS
We have developed a model where the ISM porosity, i.e.,
the fractional volume devoid of HI, is regulated by SN ex-
plosions. In this model, the SN progenitors are located in
spatially distributed OB associations, membership numbers
being dictated by the observed OB association luminosity
function. This model has previously been shown to provide
a good fit to the observed size distribution of H i holes in
nearby galaxies.
We find that such a realistic distribution of SN progen-
itors ensures that the clearing of the ISM is more effective,
per unit star formation rate, than in either the case of dis-
tributed single SNe or the case where all SNe are concen-
trated in a single region. This is because, given the slope of
the OB association LF, the porosity in our model is domi-
nated by bubbles that come into pressure equilibrium with
the ISM on a timescale that is similar to te, where te is
the maximum lifetime of a SN progenitor and hence the
timescale over which associations inject mechanical energy
into the ISM. Such superbubbles evolve quasi-adiabatically
and thus most of the mechanical energy of their SNe is de-
posited in the ISM. In consequence, for the population of
bubbles as a whole, the average volume cleared per SN is
within a factor of order unity of its theoretical maximum
(equation 10), although this is somewhat reduced in the case
of disc galaxies (equation 15). This contrasts with the situa-
tion of single SNe, where cooling limits the volume cleared,
and also single burst models, where clearing is limited by
the breakout of the bubble from the galactic plane.
This model yields a simple relationship between the star
formation rate and interstellar porosity. Following the argu-
ments above, the critical star formation rate (SFRcrit) re-
quired to attain a porosity of order unity is just that at
which the energy input from SNe, over a timescale te ∼ 40
Myr, is comparable with the thermal energy content of the
ISM. For a given kinetic temperature of the ISM defined
by the level of random motions, this implies a simple re-
lationship between the SFRcrit and the mass of the ISM
(equation 22), and hence a characteristic timescale for gas
exhaustion, texh (equation 29). For a Salpeter IMF and ISM
velocity dispersion of around 10 km s−1, this critical star
formation timescale is roughly 1010 years.
If spheroidal galaxies form stars at SFRcrit, the energy
input into the ISM over te is comparable with the gravi-
tational binding energy of the ISM and one might expect
wholesale expulsion of the ISM to ensue. Disc systems, by
contrast, can remain in a highly porous state and still retain
their ISM. Although in this case the volume fraction of H i
is then small, the mass fraction is still large, so we assume
that star formation can proceed in the shredded walls of
interacting superbubbles.
We furthermore suggest that the porosity of the ISM
has an impact on the escape of ionising photons from galax-
ies, since the disintegration of overlapping bubbles can cre-
ate channels in the ISM through which ionising photons can
escape. This postulate must be assessed through detailed
photoionisation calculations in a medium structured by su-
pernova explosions whose progenitor OB associations are
appropriately distributed in luminosity and space. We note
that the recent analysis by Elmegreen et al (2001) of the
morphology of the neutral ISM in the LMC favours the fila-
ment/bubble structure that is characteristic of a supernova-
structured ISM.
If we tentatively accept this postulate, we would thus
expect high escape fractions in galaxies whose star formation
rates exceed SFRcrit, as would appear to be the case in Ly-
man Break Galaxies. Sustained star formation at such rates
however requires that gas is replenished on a timescale less
than texh (see above). At recent cosmic epochs, the timescale
for gaseous infall into galaxies is long, so that one would not
expect that galaxies in general should display the high SFRs
required to maintain a highly porous ISM. This conclusion
is consistent both with measurements of the HI hole size
distributions in nearby galaxies and with the low leakage of
ultraviolet photons from the Milky Way based on Hα mea-
surements of the Magellanic Stream (Bland-Hawthorn and
Maloney 1999) During the assembly of galaxies at high red-
shift, however, much shorter infall timescales are expected,
and we suggest that it is the continued infall of material into
Lyman Break Galaxies that allows them to sustain vigorous
star formation levels with a high associated escape fraction.
In systems where the infall timescale falls to values less than
te, however, the situation reverses, since the continual re-
plenishment of neutral material into the star forming region
can prevent the porosity from ever attaining high values. We
suggest that this is why local starburst nuclei, being com-
pact regions at the bottom of the galactic potential and thus
subject to gaseous inflows on a short timescale, have a low
escape fraction despite their high rates of star formation per
unit gas mass.
We also consider compact systems, with dynamical
timescales < te, in which the SFR may temporarily exceed
SFRcrit and we have estimated the maximum number of Ly-
man continuum photons that might be expected to escape
these systems. The key factor here is the efficacy of feed-
back from stellar winds prior to the explosion of the first
SN, which depends critically on metallicity. In Giant Molec-
ular Clouds with near solar metallicity, we find that winds
provide a very efficient means of cloud dispersal; we esti-
mate that the maximum fraction of the cloud mass that
can be converted into stars prior to their dispersal is a few
per cent, close to the observationally inferred value. This
suggests that stellar winds may be at least as important as
photoionisation as a negative feedback mechanism in Giant
Molecular Clouds. In Population III systems, by contrast,
the mechanical feedback from stellar winds is negligible and
clearing of the ISM is delayed until the explosion of the first
SN. Supernovae are not expected for progenitors more mas-
sive than 250M⊙ however, so that an extremely top heavy
IMF might result in inefficient clearing and a low escape
fraction of ionising radiation.
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Finally, we present these calculations as a first attempt
to parameterise the relationship between escape fraction and
SFR in star-forming systems and suggest the utility of such
a prescription in semi-empirical models of galaxy formation
and evolution. The critical star formation rate may also of-
fer a useful means to parameterize mechanical and chemical
feedback.
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